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0DUN�5��'ULQNZDWHU

�DQG�5RQDOG�.ZRN -LP�$��0DVODQLN��&KXFN�:��)RZOHU &DWKOHHQ�$��*HLJHU

-HW�3URSXOVLRQ�/DERUDWRU\ DQG�:�-��(PHU\ &HQWHU�IRU�&OLPDWLF�5HVHDUFK
&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\ 8QLYHUVLW\�RI�&RORUDGR 8QLYHUVLW\�RI�'HODZDUH

$%675$&7���6DWHOOLWH�SDVVLYH�PLFURZDYH�VHD�LFH�FRQFHQWUDWLRQ�GDWD�RI����RU�PRUH�\HDUV�LQ�H[WHQW�KDYH
EHFRPH�DQ� LPSRUWDQW�SUR[\� IRU� FOLPDWH� YDULDELOLW\��0RUH� UHFHQWO\�� LQ� WKH� ����
V� WKHVH� GDWD� KDYH� EHHQ
H[SORLWHG� LQ� FRQMXQFWLRQ� ZLWK� ILQH� UHVROXWLRQ� VDWHOOLWH� LPDJH� GDWDVHWV� RULJLQDWLQJ� IURP� (56������ DQG
5$'$56$7� 6\QWKHWLF�$SHUWXUH�5DGDU� �6$5��� DQG� QHZ�PHGLXP� UHVROXWLRQ�(56����� DQG�16&$7� UDGDU
VFDWWHURPHWHU� LQVWUXPHQW� GDWD�� 1HZ� WHFKQRORJLHV� LQ� LPDJH� GDWD� SURFHVVLQJ� DQG� VHD�LFH� WUDFNLQJ
GHYHORSHG�IURP�WKHVH�HIIRUWV�DUH�JHQHUDWLQJ�IUHVK�LQVLJKW� LQWR� WKH�G\QDPLFV�DQG�HYROXWLRQ�RI� WKH�$UFWLF
DQG�6RXWKHUQ�2FHDQ�LFH�FRYHUV��7KHVH�DSSURDFKHV�KDYH�PDWXUHG�WR�WKH�SRLQW�ZKHUH�HVWLPDWHV�RI�VDOW�DQG
IUHVKZDWHU� H[SRUWV� FDQ� EH� PDGH�� DV� ZHOO� DV� DVVHVVPHQWV� RI� WKH� LPSDFW� WKDW� WKHVH� KDYH� XSRQ� WKH
WKHUPRKDOLQH�FLUFXODWLRQ�

����,1752'8&7,21

$� GHWDLOHG� NQRZOHGJH� RI� VHD�LFH� GULIW� G\QDPLFV� LV� QHFHVVDU\� IRU� XQGHUVWDQGLQJ� FOLPDWH� SURFHVVHV
RSHUDWLQJ� DW� WKH� DLU�LFH�RFHDQ� LQWHUIDFH� LQ� WKH�SRODU�RFHDQV��$OWKRXJK� WKHUPRG\QDPLFV� FRQWUROV� WKH� LFH
JURZWK�SURFHVV��G\QDPLFV�DIIHFWV�WKH�GLVSODFHPHQW�DQG�GLVORFDWLRQ�RI�WKH�LFH�FRYHU��WKHUHE\�OLPLWLQJ�WKH
JHRJUDSKLF�GLVWULEXWLRQ�RI�H[SRVHG�RSHQ�ZDWHU� LQ� OHDG� IUDFWXUHV�DQG�SRO\Q\DV�� ,Q� WKLV�PDQQHU��RSHQLQJ
DQG� FORVLQJ� RI� WKH� VHD�LFH� SDFN� LQ� UHVSRQVH� WR� GLIIHUHQWLDO�PRWLRQ� HVVHQWLDOO\� UHJXODWHV� WKH� VSDWLDO� DQG
WHPSRUDO� YDULDELOLW\� LQ� RFHDQ�DWPRVSKHUH� H[FKDQJH� SURFHVVHV�� )XUWKHUPRUH�� LW� PRGLILHV� PRPHQWXP
WUDQVIHU� WR� WKH�XSSHU�RFHDQ�� WKH� ORFDO� H[FKDQJH�RI� WXUEXOHQW� VHQVLEOH�DQG� ODWHQW�KHDW�� WKH� LQSXW�RI� VRODU
HQHUJ\��LFH�IRUPDWLRQ�DQG�EULQH�SURGXFWLRQ��DQG�WKH�LFH�WKLFNQHVV�GLVWULEXWLRQ�

$�VHDVRQDOO\�HYROYLQJ�VHD�LFH�FRYHU�DOVR�KDV�D�VLJQLILFDQW�LPSDFW�RQ�ZDWHU�PDVV�PRGLILFDWLRQ�SURFHVVHV�
SDUWLFXODUO\�LQ�WKH�*UHHQODQG�6HD�LQ�WKH�1RUWKHUQ�+HPLVSKHUH�DQG�LQ�WKH�:HGGHOO�DQG�5RVV�6HD�EDVLQV�LQ
WKH� 6RXWKHUQ� +HPLVSKHUH�� ,Q� WKHVH� NH\� UHJLRQV�� LFH� IRUPDWLRQ� DQG� VHDVRQDO� PHOWLQJ� LQIOXHQFH� XSSHU�
RFHDQ� VWDELOLW\� E\� FKDQJLQJ� KH� KRUL]RQWDO� DQG� YHUWLFDO� VDOLQLW\� DQG� EXR\DQF\� JUDGLHQWV�� 9LJRURXV
ORFDOL]HG�LFH�IRUPDWLRQ�FDQ�LQGXFH�FRQYHFWLYH�RYHUWXUQLQJ��RU�DOWHUQDWHO\�VHDVRQDO�PHOWLQJ�FDQ�VWDELOL]H
WKH� PL[HG� OD\HU�� %RWK� FDQ� KDYH� DQ� LPSDFW� RQ� NH\� SURFHVVHV� GULYLQJ� WKH� JOREDO� WKHUPRKDOLQH� RFHDQ
FLUFXODWLRQ��2Q�ORQJHU�WLPH�VFDOHV��ODUJH�VFDOH�VHD�LFH�DGYHFWLRQ�FRQWUROV�WKH�UHGLVWULEXWLRQ�RI�IUHVKZDWHU�
6HD� LFH� DGYHFWHG� WR� ORZHU� ODWLWXGHV�SURYLGHV� DQ� LPSRUWDQW� FRQWULEXWLRQ� WR� WKH� UDWH� RI� IUHVKHQLQJ�RI� WKH
VXUIDFH�ZDWHUV��SDUWLFXODUO\�LQ�ORFDWLRQV�ZKLFK�FDQ�GHWHUPLQH�WKH�LQWHQVLW\�RI�WKH�WKHUPRKDOLQH�FLUFXODWLRQ
�$DJDDUG�DQG�&DUPDFN��������

7UDGLWLRQDOO\�� LQVWUXPHQWHG� EXR\V� >7KRUQGLNH� DQG� &RORQ\�� ����D�� .RWWPHLHU� DQG� 6HOOPDQ�� ����@� DQG
PRGHOV�>%DUDQRY�HW�DO���������+DUGHU�HW�DO�������@�KDYH�EHHQ�GHSOR\HG� WR� WU\� WR�XQGHUVWDQG� ODUJH�VFDOH
VHD�LFH� G\QDPLF� SURFHVVHV�� $UFWLF� EXR\� GHSOR\PHQWV� FRQWLQXH� WKURXJK� WKH� ,QWHUQDWLRQDO� $UFWLF� %XR\
3URJUDP�>7KRUQGLNH�DQG�&RORQ\������E@���%XW��XQWLO�UHFHQWO\�$QWDUFWLF�GULIWLQJ�EXR\�GHSOR\PHQWV�ZHUH
QRW�FRRUGLQDWHG�DQG�DUH�PRUH�OLPLWHG�LQ�WLPH�DQG�VSDFH�>'ULQNZDWHU�HW�DO�������@��8VLQJ�WKH�ODWWHU�GDWD��LW
UHPDLQV�GLIILFXOW�WR�DFFXUDWHO\�TXDQWLI\�VHDVRQDOO\�YDU\LQJ�EDVLQ�VFDOH�LFH�G\QDPLFV�DQG�VXUIDFH�IRUFLQJ
H[SHULHQFHG� E\� WKH� 6RXWKHUQ� 2FHDQ� LFH� FRYHU�� RU� WR� YDOLGDWH� WKH� QHZ� JHQHUDWLRQ� RI� ILQH�UHVROXWLRQ
FRXSOHG�LFH�RFHDQ�PRGHOV�
�����������������������������������������������������

3ULQFLSDO�$XWKRU
V�$GGUHVV��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

����0DLO�6WRS��������������2DN�*URYH�'ULYH����3DVDGHQD��&$�������������86$�
����7HO����������������(PDLO��P�GULQNZDWHU#MSO�QDVD�JRY��85/��KWWS���SRODU�MSO�QDVD�JRY
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5HFHQW�VDWHOOLWH�UHPRWH�VHQVLQJ�VWXGLHV�RI�$UFWLF�DQG�$QWDUFWLF�VHD�LFH�G\QDPLFV�KDYH�VWDUWHG�WR�KLJKOLJKW
WKH�H[WUHPHO\�G\QDPLF�QDWXUH�RI� WKH�SRODU� VHD�LFH�FRYHU�� WRJHWKHU�ZLWK�FKDUDFWHUL]LQJ� LWV�YDULHG� VSDWLDO
DQG�WHPSRUDO�UHVSRQVH�WR�FOLPDWH�IRUFLQJ��$�QXPEHU�RI�LQQRYDWLYH�WHFKQRORJLHV�DUH�EHLQJ�DSSOLHG�WR�DOO
ZHDWKHU�GD\�DQG�QLJKW�DFWLYH�DQG�SDVVLYH�PLFURZDYH�UHPRWH�VHQVLQJ�GDWDVHWV�LQ�RUGHU�WR�WUDFN�VHD�LFH�IORH
WUDMHFWRULHV�RQ�D�YDULHW\�RI�WLPH�DQG�VSDFH�VFDOHV�>)LO\�DQG�5RWKURFN��������.ZRN�HW�DO���������(PHU\�HW
DO��� ������/LX�DQG�&DYDOLHUL������@�� ,QGLYLGXDO� LFH� IORHV� DQG� UHJLRQDO� DVVHPEODJHV�RI� LFH� IORHV�PD\�EH
IROORZHG� XVLQJ� WKHVH� SDWWHUQ� UHFRJQLWLRQ� DSSURDFKHV� WR� \LHOG� JULGGHG� (XOHULDQ� RU� /DJUDQJLDQ� LFH
NLQHPDWLFV�GDWDVHWV��6005�DQG�660�,�VDWHOOLWH�UDGLRPHWHU�LQVWUXPHQWV�WRJHWKHU�\LHOG�D�UHFRUG�H[WHQGLQJ
��� \HDUV� IURP������ XQWLO� ������ZKLOH� RYHUODSSLQJ� FRPELQHG� UDGDU� DQG� UDGLRPHWHU� GDWDVHWV� H[LVW� IURP
�����XQWLO�WKH�SUHVHQW�GD\�

5DGDU�DQG�SDVVLYH�PLFURZDYH�UDGLRPHWHU�GDWD�DUH�XVHG�KHUH�LQ�FRQMXQFWLRQ�ZLWK�PHWHRURORJLFDO�DQDO\VLV
ILHOGV� DQG� LQ�VLWX� GULIWHU� GDWD� WR� LQYHVWLJDWH� WKH� VHDVRQDO� WR� LQWHUDQQXDO� YDULDELOLW\� LQ� ELSRODU� VHD�LFH
G\QDPLFV�RYHU�WKH�SHULRG��������������6XSSRUWLQJ�ILHOG�GDWD�IURP�WKH������,FH�6WDWLRQ�:HGGHOO�GULIW�LQ
$QWDUFWLFD�DQG��������6+(%$�$UFWLF�H[SHULPHQW�DUH�XVHG�DV�YDOLGDWLRQ�RI�WKH�VDWHOOLWH�UHVXOWV��$�YDULHW\
RI�VXUIDFH�PHDVXUHPHQWV�ZHUH�PDGH�GXULQJ�WKHVH�H[SHULPHQWV��DORQJ�ZLWK�GHSOR\PHQW�RI�GULIWLQJ�EXR\V�
7RJHWKHU� WKHVH� FRQWULEXWH� WR� WKH� YDOLGDWLRQ� RI� VDWHOOLWH� VXUIDFH� PHDVXUHPHQWV�� DQG� WKH� FRQVWUXFWLRQ� RI
RSWLPDOO\�LQWHUSRODWHG�ILHOGV�RI�LFH�GULIW�WUDFNLQJ�UHVXOWV�

����6($�,&(�5(63216(�72�&/,0$7(�9$5,$%,/,7<

7KH�ORQJ�WHUP�LFH�FRQFHQWUDWLRQ�UHFRUG�IURP�SDVVLYH�PLFURZDYH�VDWHOOLWHV�KDYH�EHHQ�WKH�WUDGLWLRQDO�
VWDSOH
GLHW
� RI�SRODU� LFH� UHVHDUFK�RYHU� WKH� ODVW� WZR�GHFDGHV��7KH�H[WHQVLYH� FOLPDWH� UHFRUG�QRZ�DYDLODEOH� IURP
WKHVH�FRPELQHG�VDWHOOLWH�PHDVXUHPHQWV�KDV�HQDEOHG�GHYHORSPHQW�RI�PRQWKO\�DQRPDO\�UHFRUGV�RI�WRWDO�LFH
DUHD�DQG�LFH�H[WHQW�IRU�ERWK�KHPLVSKHUHV�>&DYDOLHUL�HW�DO�������@��5HVXOWV�LQ�)LJXUH���FRQILUP�UHGXFWLRQV
RI� DUHD� DQG� H[WHQW� LQ� WKH� 1RUWKHUQ� +HPLVSKHUH� SUHYLRXVO\� GHVFULEHG� E\�0DVODQLN� HW� DO��� ������� DQG
-RKDQQHVVHQ�HW�DO����������,Q�FRQWUDVW��D�VOLJKW�LQFUHDVH�LV�REVHUYHG�LQ�WKH�6RXWKHUQ�+HPLVSKHUH��LPSO\LQJ

)LJXUH�����0RQWKO\�VHD�LFH�DUHD�DQG�H[WHQW�DQRPDOLHV�IRU�WKH�$UFWLF�DQG�$QWDUFWLF�UHJLRQV��H[WUDFWHG�XVLQJ
WKH�6WDQGDUG�1$6$�7HDP�$OJRULWKP��*ORHUVHQ�HW�DO���������
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DQ�DV\PPHWU\�LQ�KHPLVSKHULF�LFH�FRYHU�SUHYLRXVO\�VLPXODWHG�LQ�UHVSRQVH�WR�LQFUHDVLQJ�DWPRVSKHULF�&2�

>0DQDEH� HW� DO��� ����@�� /DUJH� QHJDWLYH� VXPPHU� DQRPDOLHV� LQ� ERWK� DUHD� DQG� H[WHQW� LPSO\� VLJQLILFDQW
ZDUPLQJ�DQG�PHOWLQJ�HYHQWV�WKDW�UHPRYH�ODUJH�SRUWLRQV�RI�WKH�KHPLVSKHULF�LFH�FRYHU��7KHVH�DUH�DSSDUHQW
LQ�WKH�VXPPHUV�RI������DQG������LQ�WKH�QRUWK�DQG�WKH�ODWH�DXWXPQ�RI������DQG�VXPPHU�RI���������LQ�WKH
VRXWK��'HVSLWH�VXFK�ODUJH�QHJDWLYH�DQRPDOLHV�LQ�HDFK�RI�WKHVH�\HDUV��WKH�VHD�LFH�V\VWHP�KDV�D�UHPDUNDEOH
FDSDELOLW\� WR� UHVWRUH� EDODQFH� LQ� RQO\� RQH� RU� WZR� \HDUV� IROORZLQJ� HDFK� HYHQW�� ,Q� WKLV� SDSHU�� ZH� XVH
FRQWHPSRUDU\�GDWDVHWV�WR�LOOXVWUDWH�WKH�YDOXH�DQG�DSSOLFDELOLW\�RI�ODUJH�VFDOH�VHD�LFH�PRWLRQ�DQG�G\QDPLFV
LQ�VWXGLHV�RI�WKH�SRODU�VHD�LFH�UHVSRQVH�WR�VHDVRQDO�DQG�LQWHUDQQXDO�IRUFLQJ��6LQFH�ERWK�LFH�DUHD�DQG�H[WHQW
UHVSRQG�LQ�D�ZHOO�FRUUHODWHG�IDVKLRQ��WKLV�LPSOLHV�WKDW�VHD�LFH�GULIW�G\QDPLFV�SOD\�D�IXQGDPHQWDO�UROH�QRW
RQO\�LQ�FRQWUROOLQJ�LFH�FRQFHQWUDWLRQ�DQG�GLVWULEXWLRQ��EXW�DOVR�LQ�UHJXODWLQJ�WKH�RFHDQ�DWPRVSKHUH�IOX[HV
SURYLGLQJ�WKH�UHVWRULQJ�FDSDELOLW\�

����6($�,&(�'5,)7�75$&.,1*

3DWWHUQ�UHFRJQLWLRQ�WHFKQLTXHV�KDYH�PDWXUHG�RYHU� WKH� ODVW�VHYHUDO�\HDUV� IRU�SURFHVVLQJ�SDLUV�RI�VDWHOOLWH
UDGLRPHWHU� DQG� UDGDU� LPDJHV� LQWR� JULGGHG� LFH� PRWLRQ� GDWD�� 'DWDVHWV� WR� ZKLFK� WKHVH� WHFKQLTXHV� KDYH
VXFFHVVIXOO\� EHHQ� DSSOLHG� LQFOXGH� 660�,� SDVVLYH�PLFURZDYH� GDWD� >$JQHZ� HW� DO��� ������ (PHU\� HW� DO��
������.ZRN� HW� DO��� ������0DVODQLN� HW� DO��� ������ DQG� /LX� DQG�&DYDOLHUL�� ����@�� (56����� DQG�16&$7
VFDWWHURPHWHU� GDWD� >'ULQNZDWHU�� ������ /RQJ� DQG� 'ULQNZDWHU�� ������ /LX� HW� DO��� ����@�� DQG� 6\QWKHWLF
$SHUWXUH�5DGDU��6$5��GDWD�IURP�(56�����>6WHUQ��HW�DO���������'ULQNZDWHU������D�E��/L�HW�DO�������@�DQG
5$'$56$7�>.ZRN�HW�DO���,Q�3UHVV@�

6HD�LFH�GULIWV�ODUJHO\�XQGHU�IRUFHV�LPSDUWHG�E\�WKH�ZLQG��RFHDQ�FXUUHQWV��DQG�LQWHUQDO�LFH�VWUHVVHV�RQ�WLPH
VFDOHV�ORQJHU�WKDQ���GD\��'XULQJ�VHDVRQV�RI�WKH�\HDU�ZKHQ�LFH�FRQFHQWUDWLRQV�DUH�ORZ��WKH�LQWHUQDO�IRUFHV
LQ�WKH�LFH�FRYHU�PD\�EH�QHJOLJLEOH�DQG�WKH�SULQFLSDO�EDODQFH�RI�IRUFHV�LV�EHWZHHQ�ZLQG�DQG�ZDWHU�VWUHVVHV�
VHD� VXUIDFH� WLOW� DQG� WKH� &RULROLV� IRUFH� >7KRUQGLNH� DQG� &RORQ\�� ����@�� 8QWLO� UHFHQWO\�� $5*26� EXR\
ORFDWLRQ� SUHFLVLRQ� PDGH� LW� GLIILFXOW� WR� UHVROYH� VXE�GDLO\� LFH� PRWLRQ� IOXFWXDWLRQV� �DQG� WKXV� VKRUW�WHUP
GLIIHUHQWLDO�PRWLRQ��WR�D�JUHDW�GHJUHH�RI�DFFXUDF\�>*HLJHU�HW�DO�������@��5HVXOWV�RI�DQDO\VLV�RI�PRUH�UHFHQW
*36�EXR\�GDWD�IURP�,FH�6WDWLRQ�:HGGHOO�LQGLFDWH�WKDW�PDQ\�WHPSRUDO�VFDOHV�DUH�LQYROYHG�LQ�WKH�
IRUFHG


UHVSRQVH�RI� WKH�VHD�LFH�FRYHU��SDUWLFXODUO\�RQ�FRQWLQHQWDO
VKHOI� UHJLRQV�� ZKHUH� WLGDO� LFH� G\QDPLFV� UHJXODWH� DLU�VHD
IOX[HV��KLJK�VDOLQLW\�VKHOI�ZDWHU�SURGXFWLRQ�DQG�SURFHVVHV
LQIOXHQFLQJ�WKH�WKHUPRKDOLQH�FLUFXODWLRQ�

)LJXUH� �� LQGLFDWHV� WKDW� FRPSOH[� QRQ�OLQHDU� LQWHUDFWLRQV
H[LVW�EHWZHHQ�D�YDULHW\�RI�IUHTXHQFLHV�RI�LFH�GULIW��$�UDQJH
RI� SHULRGV� RI� LFH� PRWLRQ� DUH� UHFRYHUHG� IURP� WKH� GDWD
UHFRUG�� FRPSULVLQJ� VHPL�GLXUQDO� DQG� GLXUQDO� WLGHV� �DW� �
DQG� �� F\FOHV�GD\�� UHVSHFWLYHO\��� XS� WR� V\QRSWLF� VWRUP
IRUFLQJ� DW� VHYHUDO� GD\� SHULRGV� DQG� ORQJHU� �!� ���
F\FOHV�GD\���7KH�GRPLQDQW�IUHTXHQFLHV�DQG�KLJKHVW�HQHUJ\
YDULDELOLW\� LQ� WKLV� WLPH� VHULHV� LV� REVHUYHG� LQ� WKH� VHPL�
GLXUQDO� DQG� GLXUQDO� WLGDO� EDQGV� >*HLJHU�HW� DO��� ����@��$W
WKH� WRS� RI� HDFK� SHULRGRJUDP�� WKH� ORZHVW� IUHTXHQF\
YDULDELOLW\�LV�UHVROYHG�DW�SHULRGV�H[FHHGLQJ����GD\V��ZLWK
VRPH� RI� WKH� ORZ� IUHTXHQF\� DFWLYLW\� OLQNHG� ZLWK
VSULQJ�QHDS� WLGDO�DFWLYLW\�DW�D�SHULRG�RI�������KRXUV� �a��
ZHHNV���:KDW�LV�LQWHUHVWLQJ�DERXW�)LJXUH���LV�WKH�ZD\�DOO
IUHTXHQFLHV� UHVRQDWH�RQ�RU� DURXQG�GD\����GXULQJ� D� ODUJH
VWRUP� V\VWHP� RYHU� WKH� LFH� VWDWLRQ�� $OWKRXJK� WKH� X�Y
FRPSRQHQWV� RI� YHORFLW\� DUH� REVHUYHG� WR� RVFLOODWH�� DOO
SHULRGV� PRYH� LQWR� DQG� RXW� RI� SKDVH� DV� WKH� VWRUP
DSSURDFKHV� DQG� WKHQ� UHWUHDWV�� 7KLV� LV� REVHUYHG� DV� WKH
FRQWLQXRXV� OLJKW� DQG� GDUN� EDQGV� FRQYHUJLQJ� GRZQZDUGV
XSRQ�GD\����

)LJXUH� ��� 3HULRGRJUDPV� RI� ORZ�SDVV� ILOWHUHG� X
DQG� Y� LFH� YHORFLW\� FRPSRQHQWV� IRU� ,FH� 6WDWLRQ
:HGGHOO�� IRU� WKH� SHULRG� GD\� ��� WR� GD\� ���� 7KH
YHUWLFDO� D[LV� LQGLFDWHV� WKH� SHULRG� RI� WKH
IOXFWXDWLRQV�DQG� WKH� LQWHQVLW\� VKRZV� WKH�YHORFLW\
RQ�D�VFDOH�����EODFN��WR���FP�V��ZKLWH��

'D\�RI�<HDU������

9HORFLW\��FP�V�

8

9
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,FH�6WDWLRQ�:HGGHOO�EXR\�DUUD\�PHDVXUHPHQWV�PDGH�LQ�FRQMXQFWLRQ�ZLWK�)LJXUH���VKRZ�WKDW�WKH�KLJKHVW
HQHUJ\�VWUDLQ�DFWLYLW\�RFFXUV�SUHFLVHO\�ZKHQ�WLGDO�FXUUHQWV��ZLQG�VWUHVV�DQG�RFHDQ�FXUUHQW�VWUHVVHV�DOO�DFW
LQ�FRQFHUW�>*HLJHU�HW�DO�������@��'XULQJ�WKHVH�HYHQWV�WKH�ODUJHVW�GHIRUPDWLRQ�WDNHV�SODFH�LQ�WKH�LFH�FRYHU�
8QIRUWXQDWHO\��ODUJH�VFDOH�660�,�VDWHOOLWH�LFH�PRWLRQ�SURGXFWV�FDQ�RQO\�SUHVHQWO\�SURYLGH�XV�ZLWK�ORZHU
IUHTXHQF\�ORQJ�SHULRG� V\QRSWLF� UHVSRQVH�RI� WKH� LFH�FRYHU� WR� WKH�PHWHRURORJLFDO� IRUFLQJ�SDWWHUQV�GXH� WR
RUELWDO� FRQVWUDLQWV� XSRQ� VDPSOLQJ��:KHQ� FRPELQHG�ZLWK� LQ�VLWX� EXR\� GDWD�� RQO\� KLJK� WHPSRUDO� UHYLVLW
IUHTXHQF\�6$5�GDWD�FDQ�EH�XVHG�WR�TXDQWLI\�WLGDO�RU�LQHUWLDO�LQIOXHQFHV�RQ�VHD�LFH�G\QDPLFV�DQG�QHZ�LFH
JURZWK�RQ�WKH�FRQWLQHQWDO�VKHOYHV��7KLV�LV�WKH�WRSLF�RI�RQJRLQJ�UHVHDUFK�E\�'ULQNZDWHU�DQG�*HLJHU��16)
$SSURYHG�6WXG\�233����������

6LQFH�EXR\V�DUH�QHFHVVDU\�WR�UHVROYH�VRPH�IUHTXHQF\�FRPSRQHQWV�RI�WKLV�VKRUW�WHUP�YDULDELOLW\��WKLV�UHVXOW
KLJKOLJKWV� VLJQLILFDQW� GHILFLHQFLHV� LQ� WKH� KLVWRULFDO� EXR\� UHFRUGV� RI� VHD�LFH� GULIW�� /DUJH� DUHDV� ZLWK
VLJQLILFDQW� WLGDO� DQG� LQHUWLDO� VLJQDOV� DUH� SRRUO\� VDPSOHG� LQ� WLPH� DQG� VSDFH�� 7KHVH� UHJLRQV� SUHVHQWO\
LQFOXGH� WKH�.DUD� 6HD��+XGVRQ�%D\��%DIILQ�%D\��%HULQJ� 6HD�� 6HD� RI�2NKRWVN�� DQG� WKH�PDMRULW\� RI� WKH
6RXWKHUQ� 2FHDQ�� )XWXUH� EXR\� GHSOR\PHQWV� E\� WKH� ,QWHUQDWLRQDO� $UFWLF� %XR\� 3URJUDP
�KWWS���LDES�DSO�ZDVKLQJWRQ�HGX��� DQG� WKH� UHFHQWO\� HVWDEOLVKHG� ,QWHUQDWLRQDO� $QWDUFWLF� %XR\� 3URJUDP
�KWWS���ZZZ�DQWFUF�XWDV�HGX�DX�DQWFUF�EXR\V�EXR\V�KWPO�� VKRXOG�� WRJHWKHU� ZLWK� VDWHOOLWH�GHULYHG� LFH
PRWLRQ�SURGXFWV��VWULYH�WR�ILOO�WKHVH�JDSV�LQ�RXU�XQGHUVWDQGLQJ�>'ULQNZDWHU�HW�DO�������@�

��� /$5*(�6&$/(�,&(�'5,)7

7KH�DFFXUDF\�DQG�SHUIRUPDQFH�RI�ODUJH�VFDOH�$UFWLF�DQG�$QWDUFWLF�LFH�PRWLRQ�UHWULHYDOV�IURP�660�,�DQG
16&$7�LPDJHV�KDYH�EHHQ�FRQVLGHUHG�WKURXJK�TXDQWLWDWLYH�FRPSDULVRQV�ZLWK�GULIWLQJ�EXR\V�>.ZRN�HW�DO��
������/LX�HW�DO��������'ULQNZDWHU�DQG�/LX��������DQG�*HLJHU�HW�DO���,Q�3UHVV@��WR�D�OHVVHU�GHJUHH�ZLWK�RWKHU
VDWHOOLWH� GULIW� SURGXFWV� GHULYHG� IURP� 6$5� DQG�16&$7� >'ULQNZDWHU�� ������ /LX� HW� DO�� ����@�� DQG� ZLWK
PRGHO� VLPXODWLRQV�� &RPSDULVRQV� ZLWK� (&0:)� DQG� 1&(3� SUHVVXUH� ILHOG� GDWD� LQ� ERWK� KHPLVSKHUHV
>.ZRN�HW�DO���������DQG�'ULQNZDWHU�DQG�/LX������@�FRQILUP�WKDW�VHD�LFH�GULIW�LV�IRUFHG�SUHGRPLQDQWO\�E\
SUHVVXUH�JUDGLHQW� ZLQGV� LQ� UHVSRQVH� WR� WKH� ODUJH�VFDOH� VHD�OHYHO� SUHVVXUH� �6/3�� SDWWHUQ� �)LJXUH� ���
6\QRSWLF�VFDOH�VHD�LFH�GULIW�DGMXVWV�UDSLGO\�WR�FKDQJHV�LQ�ZLQG�IRUFLQJ�RQ�WLPH�VFDOHV�RI����KRXUV�RU�OHVV
GHSHQGLQJ�RQ�WKH�ORFDWLRQ�ZLWK�UHVSHFW�WR�WKH�FRDVWOLQH�>'ULQNZDWHU������D@�

7KH�SULPDU\�OLPLWDWLRQ�RI�660�,�ODUJH�VFDOH�GULIW�GDWD�LV�WKDW�WKH\�FDQ�RQO\�FDSWXUH�V\QRSWLF�YDULDELOLW\�RQ
WLPH� VFDOHV� RI� GD\V�� 5HVXOWV� VKRZQ� LQ� )LJXUH� �� LQGLFDWH� ��GD\� LFH�PRWLRQ� IURP� �����0DUFK�� ����� LQ

)LJXUH� �E�� � 6DPH� DV� �D� EXW� ZLWK� RSWLPDO
LQWHUSRODWHG� LFH� PRWLRQ� LQFRUSRUDWLQJ� EXR\
GDWD�

)LJXUH� �D��660�,� ��� *+]�GHULYHG� $UFWLF� LFH
GULIW� IURP� ����� $SULO�� ZLWK� ,$%3� EXR\� GULIW
YHFWRUV�VXSHULPSRVHG�
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UHVSRQVH� WR�D� ODUJH� ORZ�SUHVVXUH� V\VWHP�FHQWHUHG�QHDU�6HYHUQD\D�=HPO\D� LQ� WKH�.DUD�6HD�� ,$%3�EXR\
YHFWRUV� DUH� KLJKOLJKWHG� LQ� JUHHQ� WR� LQGLFDWH� WKH� FRUUHVSRQGHQFH�ZLWK� WKH� 660�,� ���*+]�GHULYHG� GULIW�
'ULIW�YHFWRUV�KLJKOLJKW�WKH�ZD\�LQ�ZKLFK�WKH�LFH�IROORZV�WKH�LVREDUV��7KLV�KLJKO\�YDULDEOH�SDWWHUQ�RI�ODUJH�
VFDOH�VHD�LFH�G\QDPLFV�KDV�D�VLJQLILFDQW�LPSDFW�XSRQ�LFH�WUDQVSRUW�IURP�WKH�(DVW�6LEHULDQ�DQG�/DSWHY�6HDV
DFURVV� WKH� $UFWLF� %DVLQ�� 7KH� 7UDQVSRODU� 'ULIW� 6WUHDP�� DV� LW� LV� NQRZQ�� UHVXOWV� LQ� H[SRUW� RI� VDOW� DQG
IUHVKZDWHU�RXW�RI�WKH�$UFWLF�2FHDQ�WKURXJK�WKH�)UDP�6WUDLW�LQWR�WKH�*UHHQODQG�6HD�>(PHU\�HW�DO�������@�
7KH�FRQWULEXWLRQ�RI�LFH�DGYHFWLRQ�WR�WKHVH�H[SRUW�WHUPV�LV�FRQVLGHUHG�LQ�D�ODWHU�VHFWLRQ�

7KH�SULPDU\�OLPLWDWLRQ�RI�660�,�ODUJH�VFDOH�GULIW�GDWD�LV�WKDW�WKH\�FDQ�RQO\�FDSWXUH�V\QRSWLF�YDULDELOLW\�RQ
WLPH� VFDOHV� RI� GD\V�� 5HVXOWV� VKRZQ� LQ� )LJXUH� �� LQGLFDWH� ��GD\� LFH�PRWLRQ� IURP� �����0DUFK�� ����� LQ
UHVSRQVH� WR�D� ODUJH� ORZ�SUHVVXUH� V\VWHP�FHQWHUHG�QHDU�6HYHUQD\D�=HPO\D� LQ� WKH�.DUD�6HD�� ,$%3�EXR\
YHFWRUV� DUH� KLJKOLJKWHG� LQ� JUHHQ� WR� LQGLFDWH� WKH� FRUUHVSRQGHQFH�ZLWK� WKH� 660�,� ���*+]�GHULYHG� GULIW�
'ULIW�YHFWRUV�KLJKOLJKW�WKH�ZD\�LQ�ZKLFK�WKH�LFH�IROORZV�WKH�LVREDUV��7KLV�KLJKO\�YDULDEOH�SDWWHUQ�RI�ODUJH�
VFDOH�VHD�LFH�G\QDPLFV�KDV�D�VLJQLILFDQW�LPSDFW�XSRQ�LFH�WUDQVSRUW�IURP�WKH�(DVW�6LEHULDQ�DQG�/DSWHY�6HDV
DFURVV� WKH� $UFWLF� %DVLQ�� 7KH� 7UDQVSRODU� 'ULIW� 6WUHDP�� DV� LW� LV� NQRZQ�� UHVXOWV� LQ� H[SRUW� RI� VDOW� DQG
IUHVKZDWHU�RXW�RI�WKH�$UFWLF�2FHDQ�WKURXJK�WKH�)UDP�6WUDLW�LQWR�WKH�*UHHQODQG�6HD�>(PHU\�HW�DO�������@�
7KH�FRQWULEXWLRQ�RI�LFH�DGYHFWLRQ�WR�WKHVH�H[SRUW�WHUPV�LV�FRQVLGHUHG�LQ�D�ODWHU�VHFWLRQ�

6HDVRQDO�WR�LQWHUDQQXDO�FRPSDULVRQV�EHWZHHQ�$QWDUFWLF�JULGGHG�660�,�LFH�GULIW�YHFWRUV�DQG�(&0:)�RU
1&(3�DQDO\VHV��)LJXUHV���DQG����LQGLFDWH�WKDW�GDLO\��RU�ORQJHU�WLPH�VFDOH�ODUJH�VFDOH�VHD�LFH�FLUFXODWLRQ

10 cm/s 10 cm/s

10 cm/s 10 cm/s

978 982 986 990 994 998 1002 1006

ECMWF Pressure: mbJan--Mar Apr--Jun

Jul--Sep Oct--Dec

)LJXUH� ��� 6HDVRQDO� YDULDELOLW\�:HGGHOO� 6HD� �� GD\� LFH� GULIW� LQ� ������ WRJHWKHU� ZLWK
VLPXOWDQHRXV�EXR\�GULIW�WUDMHFWRULHV�>FRXUWHV\�,$%3�SDUWLFLSDQWV@�DQG�PHDQ�(&0:)
6/3�FRQWRXUV�LQ�K3D��,FH�PRWLRQ�ZDV�GHULYHG�IURP�660�,����*+]�GDWD�
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DURXQG�$QWDUFWLFD��LV�JRYHUQHG�E\�WKH�VHDVRQDOO\�YDU\LQJ�PHDQ��V\QRSWLF�SUHVVXUH�SDWWHUQ��)LJXUH���VKRZV
WKH� VHDVRQDO� HYROXWLRQ� LQ� WKH� LFH� GULIW� SDWWHUQ� LQ� WKH� :HGGHOO�(QGHUE\� EDVLQ� LQ� UHVSRQVH� WR� W\SLFDO
V\QRSWLF�ORZ�SUHVVXUH�FHQWHUHG�HDVW�RI�WKH�*UHHQZLFK�PHULGLDQ��$V�WKH�LFH�PDUJLQ��KLJKOLJKWHG�LQ�JUHHQ�
DGYDQFHV��WKH�EDVLQ�ILOOV�ZLWK�LFH�DQG�WKH�SDWWHUQ�RI�WKH�:HGGHOO�*\UH�HPHUJH��$W�WKH�VDPH�WLPH��LQWHUQDO
VWUHVVHV�DUH�WUDQVODWHG�WKURXJK�WKH�LFH�FRYHU�IURP�WKH�FRDVWV��UHVXOWLQJ�LQ�ODUJHU�VKHDU�VWUHVVHV�DORQJ�WKH
FRDVWDO� EHOWV�� 2WKHU� NH\� FKDUDFWHULVWLFV� RI� )LJXUH� �� DUH� WKH� F\FORQLF� �FORFNZLVH�� J\UH� PRWLRQ� DQG� WKH
DFFHOHUDWLRQ�RI�WKH�VHD�LFH�DV�LW�HVFDSHV�WKH�FRDVWDO�HQWUDSPHQW�RI�WKH�$QWDUFWLF�SHQLQVXOD�WR�GULIW�UDSLGO\
HDVWZDUGV� LQ� WKH� $QWDUFWLF� &LUFXPSRODU� &XUUHQW� �$&&��� $OVR� HYLGHQW� LV� D� VRXUFH� RI� LFH� HQWHULQJ� WKH
:HGGHOO�6HD��FDUULHG�E\�WKH�FRDVWDO�(DVW�:LQG�'ULIW�

)LJXUH� �� FDSWXUHV� WKH� WKUHH� SULPDU\� $QWDUFWLF� J\UH� FLUFXODWLRQV� GULYHQ� E\� WKH� W\SLFDO� ZDYHQXPEHU� �
SDWWHUQ� LQ� 6/3�� 6LJQLILFDQW� LQWHUDQQXDO� YDULDELOLW\� LV� HYLGHQW� LQ� $QWDUFWLF�ZLGH� LFH� GULIW�� ZLWK� ODUJH
FRQWUDVWLQJ� H[WUHPHV� LQ� LFH�PRWLRQ� HYLGHQW� LQ� ����� DQG� ����� LQ� UHVSRQVH� WR� FKDQJHV� LQ� WKH� V\QRSWLF
SUHVVXUH�SDWWHUQV�� ,Q������� IRU� LQVWDQFH�� H[DJJHUDWHG�PHULGLRQDO� LFH� WUDQVSRUW� DSSHDUV� FRQQHFWHG� WR� WKH
GHYHORSPHQW�RI�D�ZDYHQXPEHU���SDWWHUQ�LQ�6/3��ZLWK�D�VWUHQJWKHQLQJ�RI�WKH�5RVV�6HD�DQG�FRDOHVFHQFH�RI
WKH�WZR�(DVW�$QWDUFWLF�ORZV�LQWR�D�VLQJOH�ORZ�SUHVVXUH�FHQWHU�DW���R(��6WURQJ�]RQDO�JUDGLHQWV�RI�6/3�LQ

�� ������

��� ������

)LJXUH�����,QWHUDQQXDO�YDULDELOLW\�LQ�ZLQWHU��-XO����6HSW���PHDQ�GDLO\�$QWDUFWLF�LFH�GULIW�IURP�660�,�����*+]
GDWD�IRU��D���������E��������DQG��F��������ZLWK�PHDQ�6/3�FRQWRXUV��3DQHO��G��VKRZV�WKH�����������PHDQ�
&RORXUV�LQ�SDQHO��G��LQGLFDWH�LFH�FRQFHQWUDWLRQ�



�

WKH�:HGGHOO�DQG�5RVV�6HDV�FRQWULEXWH�WR�WKH�ODUJH�SRVLWLYH�VHDVRQDO�LFH�H[WHQW�DQRPDO\�DSSDUHQW�LQ�)LJXUH
��LQ�WKH�ODWWHU�SDUW�RI�������,Q�FRQWUDVW��PRUH�VOXJJLVK�PHULGLRQDO�LFH�WUDQVSRUW�LQ������DSSHDUV�OLQNHG�WR
WKH�VWURQJ�HQG�RI�\HDU�QHJDWLYH�DQRPDO\�LQ�)LJXUH����DQG�WKH�HDUO\�VXPPHU�LFH�HGJH�UHWUHDW� LQ�VXPPHU
��������QRWHG�E\�-DFREV�DQG�&RPLVR���������'XULQJ� WKLV�VXPPHU�� WKH�VWUHQJWK�RI� WKH�DQRPDORXV� ORZ�
SUHVVXUH� FHQWHU� �DOUHDG\� HYLGHQW� LQ� )LJXUH� ��� UHVXOWHG� LQ� HQKDQFHG�ZDUP� DLU� DGYHFWLRQ�� LQ� WKH�PDQQHU
GHVFULEHG�E\�*DUUHDXG�DQG�%DWWLVWL��������

'LVFUHSDQFLHV�KDYH�EHHQ�IRXQG�LQ�VRPH�FRPSDULVRQV�RI�(&0:)�DQG�1&(3�6/3�DQDO\VLV�SURGXFWV�ZLWK
WKH� EXR\� GULIW� GDWD�� ZKLFK� LQGLFDWHV� HUURUV� LQ� WKH� FRPSXWDWLRQ� RI� WKH� VXUIDFH� SUHVVXUH� ILHOGV� E\� WKH
DQDO\VLV�PRGHOV��7KLV�LV�PRVW�DSSDUHQW�LQ�WKH�6RXWKHUQ�KHPLVSKHUH�VHDVRQDO�FOLPDWRORJLHV�LQ�)LJXUH���DQG
WKH�ZLQWHU�PHDQ�6/3�DQG�GULIW�ILHOGV�LQ�)LJXUH����'LVFUHSDQFLHV�DUH�PDQLIHVWHG�DV�D�GLVSODFHPHQW�RI�WKH

DSSDUHQW
�FHQWHUV�RI�F\FORQLF�J\UH�FLUFXODWLRQV�DZD\�IURP�WKH�FORVHG�FRQWRXUV�RI�WKH�6/3�ILHOGV��VXFK�DV
WKH�ORZ�SUHVVXUH�FHQWHU�RYHU�WKH�5RVV�6HD�LQ��������RU�DV�GHWDLOV�RI�WKH�PHDQ�PRWLRQ�ILHOGV�QRW�DSSDUHQW�LQ
WKH�SUHVVXUH�ILHOGV�

����237,0$//<�,17(532/$7('�,&(�'5,)7�),(/'6

0DQ\�RI�WKH�VKRUWFRPLQJV�RI�H[LVWLQJ�FRXSOHG�RFHDQ�LFH�DWPRVSKHUH�PRGHOV��ZLWK�UHVSHFW�WR�VLPXODWLRQ
RI�WKH�SRODU�RFHDQV�LFH�FRYHU��FDQ�EH�LGHQWLILHG�DQG�DGGUHVVHG�ZLWK�D�JULGGHG�LFH�G\QDPLFV�GDWD�VHW��6LQFH
SRODU�EXR\�GHSOR\PHQW�UHVRXUFHV�DUH�ILQLWH�DQG�UHODWLYHO\�OLPLWHG��WKH�LGHDO�DSSURDFK�WR�JHQHUDWLQJ�WKHVH
GDWD�LQFRUSRUDWHV�D�EOHQG�RI�EXR\�DQG�VDWHOOLWH�GDWD�WR�H[SDQG�WKH�VSDWLDO�DQG�WHPSRUDO�FRYHUDJH�DQG�WR
DVVHVV� WKH� HIIHFWV� RI� PRWLRQ� DW� GLIIHUHQW� VFDOHV� >*HLJHU� HW� DO��� ������ 'ULQNZDWHU� HW� DO��� ����@�� 7KH
SURSRVHG� REMHFWLYH� LV� WR� FRQWLQXH� WR� FRRUGLQDWH� IXWXUH� GULIWHU� GHSOR\PHQWV� ZKLOVW� DOVR� JHQHUDWLQJ� DQ
KLVWRULFDO�DUFKLYH�RI�EXR\�GHSOR\PHQWV�RYHU�WKH�SHULRG�RI�FRQWHPSRUDU\�SDVVLYH�PLFURZDYH�VDWHOOLWH�GDWD�
,Q�VLWX� REVHUYDWLRQV� DORQH�� KRZHYHU�� SURYLGH� RQO\� D� OLPLWHG� VSDWLDO� DQG� WHPSRUDO� VDPSOH� RI� VXUIDFH
WUDQVSRUWV��)RU�WKLV�UHDVRQ��RSWLPDO�LQWHUSRODWLRQ�RI�ERWK�VDWHOOLWH��DQG�EXR\�GHULYHG�LFH�GULIW�GDWDVHWV�KDV
EHHQ� SURSRVHG� >'ULQNZDWHU� HW� DO��� ����@� VR� WKDW� WKH� UHVXOWLQJ� ILHOGV� PD\� EH� DVVLPLODWHG� DV� ERXQGDU\
FRQGLWLRQV�LQ�FOLPDWH�VLPXODWLRQ�PRGHOV�

/LX�HW�DO�� �������KDYH�PDGH� LQLWLDO�HIIRUWV� WR�PHUJH�GLIIHUHQW� VDWHOOLWH�PRWLRQ�SURGXFWV�ZLWK�EXR\�GDWD�
)LJXUH� �� VKRZV� VDWHOOLWH�GHULYHG� GDLO\� GULIW� ILHOGV� RQ� FRPSOHPHQWDU\� WLPH� VFDOHV� IURP�660�,�� DQG� WKH
1$6$�VFDWWHURPHWHU��16&$7��RQ�ERDUG�$'(26�,��%RWK�RIIHU�VSDWLDO�UHVROXWLRQV�H[FHHGLQJ����NP��DQG
GDLO\�EL�SRODU�VHD�LFH�FRYHUDJH��7KH�DGYDQWDJH�RI�WKH�.X�EDQG�������*+]��UDGDU�GHULYHG�PRWLRQ�ILHOGV�LV
WKDW�LW�GRHV�QRW�H[SHULHQFH�WKH�SUREOHPV�FDXVHG�E\�ZDWHU�YDSRXU�LQ�WKH�660�,������*+]�FKDQQHO��,Q�WKLV
PDQQHU��16&$7�LV�H[SORLWHG� WR�ILOO� LQ� WKH�SRRUO\� WUDFNHG�UHJLRQV��SDUWLFXODUO\� LQ� ORFDWLRQV�DQG�VHDVRQV
ZKHUH�WKH�ZHDWKHU�LQIOXHQFH�SUHYHQWV�VXFFHVVIXO�RU�DFFXUDWH�660�,�WUDFNLQJ�

20 cm/sec

Dec. 20, 1996

20 cm/sec

Dec. 20, 96

20 cm/sec

Dec. 20, 96

)LJXUH����'DLO\�VHD�LFH�PRWLRQ�YHFWRU�ILHOG�IRU�'HFHPEHU����������IURP��D�������*+]�660�,���E�������*+]�16&$7�
DQG� �F��PHUJHG�660�,� DQG�16&$7�GDWD� VHW��%XR\�PRWLRQ� YHFWRUV� DUH� VKRZQ� LQ� UHG� >DIWHU� /RQJ� DQG�'ULQNZDWHU�
������DQG�/LX�HW�DO�������@�
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/RZHU� IUHTXHQF\� UDGDU� GDWD� DUH� WKHUHIRUH� QHFHVVDU\� WR� UHGXFH� VHDVRQDOO\� GHSHQGHQW�ZHDWKHU� SUREOHPV
HYLGHQW�LQ�LFH�PRWLRQ�WUDFNLQJ�XVLQJ������*+]�660�,�LPDJH�GDWD��7KH�LGHDO�FDQGLGDWH�IRU�WKLV�SXUSRVH�LV
SUHVHQWO\� WKH�6HD:LQGV� ������*+]�� VFDWWHURPHWHU�RQ�ERDUG�4XLN6FDW��ZKLFK�JHQHUDWHV�GDLO\� IXOO� SRODU
LPDJHV�DW�DSSUR[LPDWHO\���NP�UHVROXWLRQ��>/RQJ�DQG�'ULQNZDWHU������@�:H�SURSRVH�WKDW�GDLO\�6HD:LQGV
LFH� PRWLRQ� SURGXFWV� EH� JHQHUDWHG� DQG� PHUJHG� ZLWK� 660�,� PRWLRQ� DQG� EXR\� GDWD� IROORZLQJ� VLPLODU
PHWKRGV� WR� WKDW� GHVFULEHG� E\� /LX� HW� DO�� �������� 7KH� JULGGHG� LFH� GULIW� PHDVXUHPHQWV� FDQ� WKHQ� EH
REMHFWLYHO\� DQDO\VHG� �ZLWK� GLIIHUHQW� ZHLJKWLQJV� DSSOLHG� WR� HDFK� GDWD� VHW�� WR� JHQHUDWH� DQ� LQWHUSRODWHG
SURGXFW� VLPLODU� WR�)LJXUH� �E��7KH� DGYDQWDJH� RI� WKLV� SURFHGXUH� LV� D� JDS�ILOOHG� JULGGHG�PRWLRQ� ILHOG� IRU
DVVLPLODWLRQ�LQWR�PRGHOV�

����/$*5$1*,$1�75$&.,1*

5HFHQW� GHYHORSPHQWV� RI� /DJUDQJLDQ� LFH� WUDFNLQJ� SHUPLW� SUHFLVH� TXDQWLILFDWLRQ� RI� WKH� GLIIHUHQWLDO
NLQHPDWLFV�DQG� WKXV�RSHQLQJ�DQG�FORVLQJ�RI� WKH�VHD� LFH�SDFN�RYHU� WKH�HQWLUH�$UFWLF�EDVLQ�>.ZRN�HW�DO��
����@��7KH�5$'$56$7�*HRSK\VLFDO�3URFHVVRU�6\VWHP��5*36��� LQVWDOOHG�DW� WKH�$ODVND�6$5�)DFLOLW\�
FRPSXWHV� LFH� PRWLRQ� RQ� D� /DJUDQJLDQ� JULG� IURP� FRPSRVLWH� 6$5� LPDJH� VZDWK� PDSV� DFTXLUHG� DV� D
�ZHHNO\�VQDSVKRW��RI�EDVLQZLGH�LFH�FRQGLWLRQV��$�/DJUDQJLDQ�WUDFNLQJ�DQG�JULGGLQJ�SURFHGXUH�DOORZV�LFH
SURSHUWLHV�ZLWKLQ�HDFK�JULG�FHOO�WR�HYROYH�DV�WKH\�DUH�WUDFNHG�LQ�WLPH��7RJHWKHU�ZLWK�D�VLPSOH�LFH�JURZWK
PRGHO��GULYHQ�E\�DLU�WHPSHUDWXUH���WKH�LFH�LV�DOORZHG�WR�WKLFNHQ�DQG�DJH�DV�LW�GULIWV�>.ZRN�HW�DO�������@�
'LYHUJHQFH�DQG�VKHDU�HYHQWV�WKDW�FDXVH�RSHQLQJ�RI�OHDGV�DUH�WUHDWHG�E\�DOORZLQJ�QHZ�LFH�WR�JURZ�LQ�WKH
RSHQ�ZDWHU� IUDFWLRQ� RI� WKRVH� JULG� FHOOV�
6LPSOH� WKHUPRG\QDPLFV� FRQWURO� WKH
JURZWK� UDWH� DQG� LQFUHPHQWDO� WKLFNQHVV
LQFUHDVH� EHWZHHQ� HDFK� ZHHNO\� WLPH
VWHS��&RQYHUVHO\�� FRQYHUJHQFH�ZLWKLQ� D
JULG� FHOO� LV� WUHDWHG� DV� ULGJLQJ� RI� WKH
WKLQQHVW�FRPSRQHQW�RI�WKH�WKLFNQHVV�DQG
DJH�GLVWULEXWLRQ��7KH�RYHUDOO�GLVWULEXWLRQ
RI� LFH� WKLFNQHVV� LV� WKHQ� DGMXVWHG� E\
UHGLVWULEXWLQJ�WKDW�DUHD�RI�ULGJHG�WKLQ�LFH
LQWR�WKH�ULGJHG�FDWHJRU\��)LJXUH���VKRZV
D�UHVXOW�RI�WUDFNLQJ�WKH�������'HFHPEHU
LFH� PRWLRQ� LQ� ������ 7KH� LQGLYLGXDO� [
DQG� \� FRPSRQHQWV� RI� PRWLRQ� DUH
FRPSXWHG� �UHIHUHQFHG� WR� WKH� 660�,
SRODU� VWHUHRJUDSKLF�SURMHFWLRQ�� WRJHWKHU
ZLWK� WKH� GLIIHUHQWLDO� NLQHPDWLF
SDUDPHWHUV�� GLYHUJHQFH�� VKHDU� DQG
YRUWLFLW\�

/DJUDQJLDQ� FDOFXODWLRQV� DOORZ� WKH� VHD�
LFH�JURZWK�LQ�OHDGV�DQG�WKH�UHVXOWLQJ�VDOW
IOX[� WR� EH� PRUH� DFFXUDWHO\� TXDQWLILHG�
*ULGGHG� LFH� GHIRUPDWLRQ�PHDVXUHPHQWV
DOVR� IDFLOLWDWH� HVWLPDWHV�RI� WKH�HYROYLQJ
LFH�WKLFNQHVV� GLVWULEXWLRQ� DQG� WKH
SURSRUWLRQ� RI� ULGJLQJ� ZLWKLQ� HDFK� JULG
FHOO�� )LJXUH� �� LOOXVWUDWHV� WKH� WKLQ� DQG
ULGJHG�LFH�WKLFNQHVV�GLVWULEXWLRQ�WKDW�DUH
FDOFXODWHG� E\� WKH� 5*36� IRU� ��
'HFHPEHU�������7KH�VSDWLDO�GLVWULEXWLRQ
RI�WKLQ�LFH��DQG�LWV�FRUUHVSRQGHQFH�ZLWK
VPDOO�VFDOH� VKHDU�� YRUWLFLW\� DQG
GLYHUJHQFH� �LQ�)LJXUH� ��� XQGHUOLQHV� WKH
LPSRUWDQFH�RI�PDNLQJ�ERWK�SUHFLVH�DQG

)LJXUH����'LYHUJHQFH��YRUWLFLW\�� VKHDU�DQG�JHQHUDO� LFH�PRWLRQ� IURP
'HF� ���� ��� �� 'HF� ���� ��� ������� �� �������� H[WUDFWHG� IURP� WKH
5$'$56$7�*HRSK\VLFDO�3URFHVVRU��DW�WKH�$ODVND�6$5�)DFLOLW\�



�

DFFXUDWH� PHDVXUHPHQWV� RI� $UFWLF
EDVLQ�ZLGH� LFH� GHIRUPDWLRQ� XVLQJ
KLJK�UHVROXWLRQ�6$5�

7KH� OLQN� EHWZHHQ� IUDFWXULQJ� DQG
ULGJLQJ�LV�HYLGHQW�LQ�)LJXUHV���DQG���
1HZ� LFH� JURZLQJ� LQ� OHDG� RSHQLQJV
SURYLGHV� WKH� ZHDNHVW� PDWHULDO� IRU
EXLOGLQJ�ULGJHG�LFH�XQGHU�VXEVHTXHQW
LFH� FRQYHUJHQFH� DQG� FRPSUHVVLRQ�
7KH� DUHDO� SURSRUWLRQ� DQG� VSDWLDO
GLVWULEXWLRQ� RI� WKLQ� LFH� JURZLQJ� LQ
OHDGV� DOVR� H[HUWV� DQ� LPSRUWDQW
FRQWURO� XSRQ�RFHDQ�DWPRVSKHUH� KHDW
IOX[HV��3URGXFWV�IURP�WKH�5*36�ZLOO
EH� HVVHQWLDO� WR� GHYHORSLQJ� PRUH
DFFXUDWH� FDOFXODWLRQV� RI� WKH� DUHD�
ZHLJKWHG�RFHDQ�LFH�DLU�KHDW�IOX[HV�

��� �&20%,1,1*�6$7(//,7(
$1'�,1�6,78�'$7$�,1�)/8;
(67,0$7(6

6DWHOOLWH�GHULYHG��JULGGHG�LFH�PRWLRQ
H[DPSOHV� LQ� WKH� SUHYLRXV� VHFWLRQV
GHPRQVWUDWH�WKH�ODUJH�VFDOH�UHVSRQVH
RI� VHD�LFH� GULIW� LQ� WKH� $UFWLF� EDVLQ
DQG� 6RXWKHUQ�2FHDQ� WR� DWPRVSKHULF
IRUFLQJ� RQ� D� YDULHW\� WLPH� DQG� VSDFH
VFDOHV�� )RU� WKH� ILUVW� WLPH�� WKLV
SUHVHQWV� WKH� RSSRUWXQLW\� WR� GLUHFWO\
DVVHVV� WKH� PDVV� EDODQFH� RI� WKH� VHD�
LFH� FRYHU� DQG� WR� TXDQWLI\� WKH

IUHVKZDWHU� DQG� VDOW� UHGLVWULEXWLRQ� WHUPV� ZKLFK� VHD�LFH� DGYHFWLRQ� UHSUHVHQWV�� 7KH� QHW� KRUL]RQWDO� DQG
YHUWLFDO�DGYHFWLYH�FRPSRQHQWV�RI� IUHVKZDWHU� IOX[�DW� WKH�RFHDQ�VXUIDFH�PD\�EH�DFFXUDWHO\�TXDQWLILHG�E\
PHDVXULQJ�WKH�IROORZLQJ�WHUPV�RI�WKH�VDOW�IUHVKZDWHU�EDODQFH

�� $GYHFWLYH�LFH�WUDQVSRUW�DFURVV�DQ�LQVWUXPHQWHG�IOX[�JDWH
�� /RFDO�PHOW�UDWH
�� /RFDO�LFH�JURZWK

7KH�ILUVW�RI�WKH�WKUHH�WHUPV�PD\�EH�HVWLPDWHG�E\�FRPELQLQJ�VDWHOOLWH�GHULYHG�(XOHULDQ�LFH�PRWLRQ�DFURVV
WKH�IOX[�JDWH�/JDWH�ZLWK�8SZDUG�/RRNLQJ�6RQDU�LFH�GUDIW�PHDVXUHPHQWV�+LFH��7KH�SURGXFW�RI�WKH�WZR�WLPH�
VHULHV�PD\�EH�XVHG�WR�REWDLQ�WKH�LFH�YROXPH�IOX[�YLFH��ZKHUH

( ) ( ) ( ) G[W+W9W LFH

/JDWH

LFHLFH �=Y ×� � ���

7KLV� TXDQWLW\� PD\� EH� WUDQVODWHG� LQWR� WKH� PDVV� WUDQVSRUW� ZLWK� D� VPDOO� HUURU�� E\� PXOWLSO\LQJ�YLFH� E\� D
W\SLFDO�PHDQ�LFH�GHQVLW\�RI�rLFH �����NJ�P����7KH�FRUUHVSRQGLQJ�VDOW�WUDQVSRUW�WHUP�0VDOW�LV�WKHQ�VLPSO\

( ) ( ) LFHLFHLFHVDOW 6WW0 ��Y= r � ���

ZKHUH�6LFH� LV� WKH�PHDQ�VDOLQLW\�RI� WKH�VHD� LFH��6HDVRQDOO\�YDU\LQJ� LQ�VLWX�PHOW� LV� W\SLFDOO\�FRPSULVHG�RI
EDVDO�PHOWLQJ�GXH�WR�RFHDQ�KHDW�IOX[��DQG�ODWHUDO�PHOWLQJ�GXH�WR�VKRUW�ZDYH�UDGLDWLYH�LQSXW�WR�OHDGV��7KH
RFHDQ�KHDW�IOX[�LV�W\SLFDOO\�TXDQWLILHG�XVLQJ�PRRUHG�&7'V�WKDW�DUH�LGHDOO\�DWWDFKHG�WR�WKH�VDPH�PRRULQJ

)LJXUH� ��� ,FH� WKLFNQHVV� GLVWULEXWLRQV� RQ� 'HFHPEHU� ���� ����� �������
UHSUHVHQWHG�DV�WKH�ELQQHG�IUDFWLRQ�RI�WKLQ�LFH�LQ�HDFK�JULG�FHOO�



��

DV�WKH�8/6�LQVWUXPHQWDWLRQ��7KH�WZR�ODVW�WHUPV�FRPSULVLQJ�PHOW�DQG�ORFDO�LFH�JURZWK�DUH�WKHQ�W\SLFDOO\
HVWLPDWHG�XVLQJ�VLPSOH�WKHUPRG\QDPLF�PRGHOV�

�����$UFWLF�,FH�([SRUW

$UFWLF�ZLGH�UHVXOWV�FRQWULEXWH�WR�QHZ�LQVLJKWV�LQWR�WKH�VHD�LFH�PDVV�EDODQFH�RI�WKH�$UFWLF�EDVLQ�DQG�WKH
UHVXOWDQW� LQWHUDQQXDO� YDULDELOLW\� LQ� WKH� IUHVKZDWHU� IOX[� LQWR� WKH�1RUWK�$WODQWLF� LQ� UHVSRQVH� WR� QRUWKHUQ
KHPLVSKHUH� DWPRVSKHULF� YDULDELOLW\��.ZRN� DQG� 5RWKURFN� ������� VWXGLHG� WKH� YDULDELOLW\� RI� $UFWLF� LFH

H[SRUW� DQG� WKH� 1RUWK� $WODQWLF� 2VFLOODWLRQ
�1$2�� LQGH[� �L�H�� /LVERQ� �� ,FHODQG
QRUPDOLVHG�SUHVVXUH�GLIIHUHQFH��DQG�IRXQG�D
VLJQLILFDQW�FRUUHODWLRQ�EHWZHHQ�LFH�DUHD�IOX[
DQG� WKH� LQWHQVLW\� RI� WKH� ,FHODQGLF� ORZ�
$QQXDO�PHDQV� RI� VDWHOOLWH� LFH� GULIW� YHORFLW\
PHDVXUHPHQWV� IRU� WKH� 'HFHPEHU� WKURXJK
0DUFK� SHULRG� OHG� WR� WKH� )UDP� 6WUDLW� DUHD
IOX[� WLPH� VHULHV� VKRZQ� LQ� )LJXUH� ��� 7KH
)UDP�6WUDLW�IOX[�JDWH�FRQFHSW�DOORZV�WKH�DUHD
DGYHFWLRQ�WHUP�LQWR�WKH�1RUWK�$WODQWLF�WR�EH
FRPSXWHG� WR� NQRZQ�DFFXUDF\�� 
,Q� VLWX
�PHOW
UDWHV� DQG� LFH� GUDIW� WLPH�VHULHV� DUH� WKHQ
GHULYHG� IURP� D� VHULHV� RI� 1RUZHJLDQ
PRRULQJV�ZLWK�&7'�FKDLQV�DQG�8/6�VHQVRUV
>9LQMH�DQG�)LQQHNDVD��������9LQMH�HW�DO���,Q
3UHVV@��8SZDUG�RFHDQ�KHDW� IOX[� LV�SUHFLVHO\
TXDQWLILHG� DQG� WKH� WLPH�YDU\LQJ� LFH
WKLFNQHVV�GHULYHG�DW�WKH�IOX[�JDWH�ORFDWLRQ�

7KH�PHDQ�PHOW�ZDWHU� FRQWULEXWLRQ� WR� WKH�*UHHQODQG�6HD� LV� FRPSXWHG�E\�5XGEHUJ�HW�DO�� ������� IRU� WKH
SHULRG�-XO\������WKURXJK�-XQ�������WKHLU�)LJXUH�����7KH�YROXPH�IOX[�RI�LFH�WKURXJK�WKH�)UDP�6WUDLW�JDWH
�)LJXUH����GHFUHDVHV�DOPRVW�OLQHDUO\�ZLWK�ODWLWXGH�DV�RQH�PRYHV�VRXWK�IURP�WKH�IOX[�JDWH�DW���R�1��:LQWHU
IOX[HV��2FW�0DU��GHFUHDVH�IURP�D�PD[LPXP�RI�����NP��PRQWK��WR�D�PLQLPXP�RI�����NP��PRQWK�DW���R

1�� 6WURQJHU� ZLQWHU� DWPRVSKHULF� FLUFXODWLRQ� UHVXOWV� LQ� PRUH� UDSLG� ZLQWHU� LFH� H[SRUW�� DQG� GRZQVWUHDP
IOX[HV�ZKLFK�DUH�WZLFH�DV�ODUJH�DV�WKH�VXPPHU�SHULRG��$SU��6HSW���7KH�GRZQVWUHDP�GLVWULEXWLRQ�RI�PHOW
ZDWHU�LQSXW�WR�WKH�XSSHU�RFHDQ�GHSHQGV�RQ�WKH�VHDVRQDO�PHOW�UDWH�DW�D�HDFK�ODWLWXGH�DV�ZHOO�DV�WKH�DGYHFWHG
VXSSO\�RI�WKLFN�LFH��0HOWLQJ�GXULQJ�WKH�ZLQWHU�PRQWKV��1RY�0DU��LV�PRUH�YLJRURXV�WKDQ�WKDW�GXULQJ�WKH
VSULQJ��$SU�-XO���GXH�WR�VWLUULQJ�RI�WKH�XSSHU�RFHDQ�XQGHU�WKH�PRUH�UDSLG�ZLQWHU�LFH�GULIW�FRQGLWLRQV��7KH
WKHUPDO�EDUULHU�HIIHFW�RI�VWURQJO\�VWUDWLILHG�FRQGLWLRQV�GXULQJ�WKH�VXPPHU�PHOW�SHULRG�HIIHFWLYHO\�UHGXFHV
VXPPHU�IUHVKZDWHU�LQSXW�E\�D�IDFWRU�RI���GHVSLWH�VXPPHU�PHOW�UDWHV�WKDW�DUH�GRXEOH�WKRVH�H[SHULHQFHG�LQ
ZLQWHU��,Q�JHQHUDO��WKH�RFHDQ�KHDW�IOX[�LQFUHDVHV�WRZDUGV�VRXWK��UHVXOWLQJ�LQ�D�ODWLWXGLQDOO\�DQG�VHDVRQDOO\
IOXFWXDWLQJ� PHOW� LQSXW� WR� WKH� XSSHU� RFHDQ�� $� PLQLPXP� QHW� IUHVKZDWHU� LQSXW� RI� DSSUR[LPDWHO\� ��
NP��PRQWK�LV�REVHUYHG�FORVH�WR�WKH�IOX[�JDWH��DQG�WKH�VHDVRQDO�YDULDELOLW\�LV�RI�WKH�RUGHU�RI���NP��PRQWK
DERXW�WKLV�ZLQWHU�PHDQ�YDOXH��0RYLQJ�VRXWK�WR�D�ODWLWXGH�UDQJH�RI������R�1�WKH�QHW�PHDQ�IUHVKZDWHU�LQSXW
LQFUHDVHV�E\�D�IDFWRU�RI���WR�D�YDOXH�RI�DURXQG����NP��PRQWK��ZLWK�D�VHDVRQDO�YDULDELOLW\�IURP����WR���
NP��PRQWK�

7KHVH�UHVXOWV�FOHDUO\�VKRZ�WKDW�6/3�YDULDELOLW\�GULYHQ�E\�1$2�FDQ�HLWKHU�H[DJJHUDWH�RU�UHGXFH�WKH�H[SRUW
RI� LFH� IURP� WKH�$UFWLF� EDVLQ�� 7KH� FRPSXWDWLRQV� DUH� UHDVRQDEO\� FRQVLVWHQW�ZLWK� VLPXODWHG� LFH� WUDQVSRUW
YDOXHV� DFURVV� ��R� 1�� ZKLFK� VKRZHG� D� ��\HDU� PHDQ� YDOXH� RI� ������ ���� ������ 6Y�� RU� ���� NP��PRQWK
�DSSUR[�������NP��\U��EHWZHHQ������DQG������>+DUGHU�HW�DO�������@��+HUH�� WKH�FRPELQDWLRQ�RI�VDWHOOLWH
DQG� LQ�VLWX�GDWDVHWV�GHPRQVWUDWH� WKDW� WKH� FRPELQHG�\HDU� WR�\HDU� YDULDWLRQV� LQ� WKH� LFH� WUDQVSRUW� WKURXJK
)UDP� 6WUDLW� DUH� RI� WKH� RUGHU� RI� ����� ������ NP��� RI� WKH� ORQJ�WHUP�PHDQ� WUDQVSRUW�� RU� DERXW� KDOI� WKH
HVWLPDWHG�YDOXH�RI�WKH�*UHDW�6DOLQLW\�$QRPDO\�>'LFNVRQ�HW�DO���������+DNNLQHQ������@��7KH�LPSOLFDWLRQV
RI� WKH� DERYH� UHVXOWV� DUH� VLJQLILFDQW�� JLYHQ� WKH� LPSRUWDQFH� RI� WKH�1RUWK�$WODQWLF� UHJLRQ� IRU� FRQYHFWLYH
RYHUWXUQLQJ��DQG�YHQWLODWLRQ�DQG�FRROLQJ�RI�WKH�GHHS�ZDWHUV�

)LJXUH� ��� &RPSDULVRQ� RI� )UDP� 6WUDLW� 'HFHPEHU� �� 0DUFK
LQWHJUDWHG�LFH�DUHD�IOX[HV�DQG�1RUWK�$WODQWLF�2VFLOODWLRQ��1$2�
LQGH[�>DIWHU�.ZRN�DQG�5RWKURFN������@�



��

����:HGGHOO�6HD�,FH�([SRUW

5HVXOWV�IURP�+DUPV��,Q�3UHVV��LQGLFDWH�WKDW�WKH�DQQXDO�PHDQ�QRUWKZDUGV�LFH�WUDQVSRUW�IURP�WKH�:HGGHOO
6HD�*\UH� LV� RI� WKH�RUGHU�RI����������������6Y��:KHQ�ZH�FRPSDUH� WKLV� LQWHUDQQXDO� YDULDELOLW\�ZLWK� WKH
\HDU�WR�\HDU�VWDWLVWLFV�RI�PHDQ�GULIW�IURP�UHVXOWV�VKRZQ�LQ�)LJXUH���WKHUH�DSSHDUV�RQO\�D�ZHDN�FRUUHODWLRQ
EHWZHHQ�:HGGHOO�6HD�PHULGLRQDO�WUDQVSRUW�DQG�QRUWKZDUG�LFH�YROXPH�IOX[��6LQFH�VHD�LFH�GRHV�QRW�UHVLGH
LQ�WKH�:HGGHOO�6HD�EDVLQ�IRU�PXFK�ORQJHU�WKDQ���\HDU��WKH�WRWDO�YROXPHV�RI�IUHVKZDWHU�WUDQVSRUW�DUH�OLNHO\
GHWHUPLQHG�PRUH�GLUHFWO\�E\�VKRUW�WHUP�LFH�G\QDPLFV�DQG�GHIRUPDWLRQ�UHODWHG�WKLFNHQLQJ�WKDQ�LV�WKH�FDVH
IRU�WKH�H[SRUW�RI�WKH�ROG��SHUHQQLDO�$UFWLF�LFH�SDFN��)RU�LQVWDQFH��\HDUV�ZLWK�VLJQLILFDQW�QHJDWLYH�DQRPDO\
LQ� LFH� H[WHQW� DSSHDU� WR� SUHFHGH� WKH� ODUJHVW� DQRPDOLHV� LQ� LFH� YROXPH� WUDQVSRUW�� 6WDJQDQW� LFH�PRWLRQ� LQ
������ DOWKRXJK�QRW� FRQWULEXWLQJ�GLUHFWO\� WR� D� QHJDWLYH� IUHVKZDWHU� H[SRUW� DQRPDO\� WKDW� \HDU�� DSSHDUV� WR
IDFLOLWDWH�WKH�ODUJH�TXDQWLW\�RI�WKLFN�LFH�H[LWLQJ�LQ�WKH�IROORZLQJ�\HDU�RI������

/LQNHG�WR�WKLV�YDULDELOLW\�LV�WKH�VWUHQJWK�RI�WKH�VRXWK�ZHVWZDUG�LFH�WUDQVSRUW�LQWR�WKH�HDVWHUQ�ERXQGDU\�RI
WKH�:HGGHOO�6HD��7KLV�FRPSRQHQW�RI� LFH� LPSRUW� LQ� WKH�HDVW�ZLQG�GULIW�DPRXQWV� WR�D� ORQJ�WHUP�PHDQ�RI
DSSUR[LPDWHO\����������������6Y��&OHDUO\��WKH�GLIIHUHQFH�EHWZHHQ�WKH�LPSRUW�DQG�H[SRUW�WHUPV�LPSO\�D�QHW
SURGXFWLRQ� DQG�H[SRUW�RI� LFH�RI� DSSUR[LPDWHO\� ���������� �����6Y��$����\HDU� WLPH�VHULHV� IURP������ WR
�����LPSOLHV�PLQLPD�RI������DQG�������LQ������DQG�������UHVSHFWLYHO\�DQG�D�PD[LPXP�RI�������LQ������

6DOW�SURGXFWLRQ�E\�IUHH]LQJ��GXULQJ�KLJK�PDVV�H[SRUW�\HDUV�PXVW�EH�EDODQFHG�E\�PHOWLQJ�RI� LFH�VKHOYHV
DQG� VHD� LFH�� SUHFLSLWDWLRQ�� DQG� WKH� DGYHFWLRQ�RI� IUHVKHU�ZDWHU� LQ� IURP� WKH� HDVW� LQ� WKH�*\UH� FLUFXODWLRQ�
5HFHQW�HVWLPDWHV�VKRZ�WKDW�WKH�FRQWULEXWLRQ�RI�WKH�)LOFKQHU�5RQQH�LFH�VKHOI�IURQW�LV�RQO\�RI�WKH�RUGHU�RI
���NP��\U�RU������6Y��*URVIHOG�DQG�*HUGHV���������DQG�WKDW� WKH�VXP�RI�DOO�FRQWULEXWLRQV�IURP�LFH�VKHOI
PHOWLQJ�DPRXQWV�WR�D�WRWDO�RI�DSSUR[LPDWHO\������6Y���,I�HVWLPDWHV�RI�ORFDO��3�(!�RI������6Y��%URPZLFK
HW�DO���������DUH�XVHG�IRU�WKH�HQWLUH�:HGGHOO�6HD�WKHQ�WKH�UHVLGXDO�GLIIHUHQFH�RI�DSSUR[LPDWHO\������6Y�RI
IUHVKZDWHU�PXVW�EH�EDODQFHG�E\�IUHVKZDWHU�DGYHFWLRQ��7KLV�LPSOLHV�WKDW�WKH�HQWLUH�*\UH�G\QDPLFV�DGMXVW
WR� WKH� IUHVKZDWHU� H[SRUW� RQ� VLPLODU� WLPH� VFDOHV�� DQG� WKDW� WKH� JUHDWHU� QHW� SURGXFWLRQ� RI� VHD� LFH� GXULQJ
VWURQJ�H[SRUW�\HDUV��PXVW�EH�EDODQFHG�E\�D�QHW�LQIORZ�RI�IUHVKZDWHU�LQ�WKH�$QWDUFWLF�FRDVWDO�FXUUHQW�

7KHVH�UHVXOWV�GHPRQVWUDWH�WKDW�WKH�FRXSOLQJ�RI�DWPRVSKHUH�DQG�RFHDQ�WDNHV�SODFH�WKURXJK�WKH�DGYHFWLYH
IOX[�RI�IUHVKZDWHU�LQ�LWV�LFH�SKDVH��&OHDUO\�RWKHU�UHJLRQV�VXFK�DV�WKH�:HGGHOO�DQG�5RVV�6HDV�SDUWLFLSDWH�LQ
VLPLODU�H[FKDQJHV�RI�PRPHQWXP�DQG�KHDW�DQG�IUHVKZDWHU��DQG�FDQ�KDYH�DQ�HTXDOO\�VLJQLILFDQW�LPSDFW�LQ
WHUPV�RI�WKHLU�IRUFLQJ�RI�VHDVRQDO�LQWHUDQQXDO�YDULDELOLW\�LQ�WKH�WKHUPRKDOLQH�FLUFXODWLRQ�

����&21&/86,216

$�VWURQJ�RFHDQLF�UHVSRQVH�FDQ�EH�DFKLHYHG�YLD�WHPSRUDU\�UHGLVWULEXWLRQ�RI�WKH�VXUIDFH�IUHVKZDWHU�IOX[�DW
KLJK� ODWLWXGHV� WKURXJK� LFH� WUDQVSRUW�� ,Q� SDUWLFXODU�� SXOVHV� LQ� LFH� H[SRUW� IURP� WKH� KLJK� ODWLWXGHV� DOVR
UHSUHVHQW� LQFUHDVHG� LFH� SURGXFWLRQ� DQG� D�PRUH� VDOLQH�PL[HG� OD\HU�� ZKLOH� WKH� VXE�SRODU� *\UH� EHFRPHV
IUHVKHQHG�DQG�FRROHG�E\�LFH�PHOW��6HDVRQDOO\�IRFXVHG�H[SRUW�RI�VHYHUDO�KXQGUHGV�RI�FXELF�NLORPHWHUV�RI
LFH� IURP� WKH� $UFWLF� FDQ� KDYH� D� FRQVLGHUDEOH� VKRUW� WHUP� LPSDFW� RQ� WKH� VWUHQJWK� RI� WKH� PHULGLRQDO
RYHUWXUQLQJ�FHOO��ZLWK�DV�PXFK�DV�����FKDQJH�LQ�VWUHQJWK�H[SHULHQFHG�GXULQJ�WKH�*UHDW�6DOLQLW\�$QRPDO\
�*6$���6LPXODWHG�PHULGLRQDO�KHDW�WUDQVSRUW�FKDQJHV�DVVRFLDWHG�ZLWK�VXFK�D�HYHQW�DUH�RI�WKH�RUGHU�RI�����[
�����:DWWV�>+DNNLQHQ������@��,I�WKH�VDPH�LFH�H[SRUW�KDG�EHHQ�GLVWULEXWHG�HTXDOO\�WKURXJKRXW�WKH�\HDU��WKH
VDPH�RYHUWXUQLQJ� UHVSRQVH�ZRXOG� OLNHO\�QRW�KDYH�EHHQ�DFKLHYHG�� DQG� WKXV� WKH�DPSOLWXGH��GXUDWLRQ� DQG
WLPLQJ� RI� WKH� IUHVKZDWHU� H[SRUW� DUH� FULWLFDO� WR� WKH� WKHUPRKDOLQH� UHVSRQVH� RI� WKH� VXE�SRODU� J\UH�
,PSRUWDQWO\�WKRXJK��WKH�SRODU�RFHDQV�DOVR�KDYH�D�UHVWRULQJ�FDSDELOLW\�WKURXJK�QHJDWLYH�IHHGEDFNV�LQ�WKH
V\VWHP��6HD�LFH�JURZWK�UDSLGO\�UHSODFHV�UHPRYHG�LFH�DQG�EULQH�SURGXFWLRQ�LQFUHDVHV�GXULQJ�WKLV�SHULRG�
&RQVHTXHQWO\��WKH�$UFWLF�PL[HG�OD\HU�EHFRPHV�UHVDOLQDWHG�DIWHU�H[DJJHUDWHG�H[SRUW�\HDUV��7KH�VLJQDO�RI
WKHVH� UHODWLYHO\� VDOLQH�� SUHFRQGLWLRQHG� ZDWHUV� HYHQWXDOO\� UHDFKHV� WKH� /DEUDGRU� 6HD� WR� UHVWDUW� WKH
FRQYHFWLRQ�SURFHVV��WKHUHE\�UHWXUQLQJ�WKH�V\VWHP�WR�PRUH�QRUPDO�FRQGLWLRQV�

&ROOHFWLYH�UHVXOWV�IURP�WKH�$UFWLF�DQG�$QWDUFWLF�LOOXVWUDWH�WKDW�VLJQLILFDQW�LPSURYHPHQWV�DUH�DERXW�WR�EH
UHDOL]HG�LQ�RXU�HVWLPDWHV�RI�WKHVH�VXUIDFH�IOX[HV�ZLWK�H[LVWLQJ�DQG�IRUWKFRPLQJ�VDWHOOLWH�GDWD�VHWV��)XWXUH



��

ZLGHVSUHDG�DSSOLFDWLRQ�RI�WKHVH�VDWHOOLWH�VHD�LFH�SURGXFWV�ZLOO�KHOS�LGHQWLI\�WKH�DFFXUDF\�DQG�OLPLWDWLRQV
RI�WKHVH�QHZ�DSSURDFKHV��)XUWKHUPRUH�� WKHLU�XVH�LQ�FRQFHUW�ZLWK�MXGLFLRXVO\�GHSOR\HG�RFHDQ�LQVWUXPHQW
WHFKQRORJLHV�LQFOXGLQJ��LQVWUXPHQWHG�EXR\V��8/6��FXUUHQW�PHWHUV��DQG�K\GURJUDSKLF�PRRULQJV��DQG�ILQH�
UHVROXWLRQ�*&0V�ZLOO�LQVXUH�WKH�PRVW�DFFXUDWH�TXDQWLILFDWLRQ�RI�VXUIDFH�IOX[HV��7RJHWKHU�VDWHOOLWH�UHPRWH
VHQVLQJ�DQG� 
LQ�VLWX
�GDWD� VHWV�ZLOO�XQGRXEWHGO\�FRQWULEXWH� WR�D�QHZ�XQGHUVWDQGLQJ�RI� WKH� LPSDFW�RI� WKH
SRODU�RFHDQV�RQ�FOLPDWH�DQG�WKH�JOREDO�WKHUPRKDOLQH�FLUFXODWLRQ�

$&.12:/('*(0(17

7KLV� ZRUN� KDV� EHHQ� XQGHUWDNHQ� DW� WKH� -HW� 3URSXOVLRQ� /DERUDWRU\� XQGHU� FRQWUDFW� WR� WKH� 1DWLRQDO
$HURQDXWLFV� DQG�6SDFH�$GPLQLVWUDWLRQ��.LP�3DUWLQJWRQ�RI�1$6$�&RGH�<�NLQGO\� IXQGHG� WKLV� UHVHDUFK
WKURXJK� UHVHDUFK� DZDUGV� ���������� �05'��� ���������� �05'��� DQG� ���������� �05'��� &*
DFNQRZOHGJHV� VXSSRUW� IURP� 16)� JUDQW� 233� ��������� 7KH� :&53� ,QWHUQDWLRQDO� $QWDUFWLF� %XR\
3URJUDPPH��DQG�LWV�SDUWLFLSDQWV�DUH�DFNQRZOHGJHG�IRU�XVH�RI�WKHLU�EXR\�GDWD�

5()(5(1&(6

$DJDDUG��.���DQG�(�&��&DUPDFN��7KH�5ROH�RI�6HD�,FH�DQG�2WKHU�)UHVK�:DWHU�LQ�WKH�$UFWLF�&LUFXODWLRQ��-�
*HRSK\V��5HV�������&����������������������

$JQHZ��7���+��/H��7��+LURVH��(VWLPDWLRQ�RI�/DUJH�6FDOH�6HD�,FH�0RWLRQ�IURP�660�,������*+]�LPDJHU\�
$QQ��*ODFLRORJ\��������������������

%DUDQRY�� *�,��� 9�2�� ,YFKHQNR�� 0�,�� 0DVORYVNLL�� $�)�� 7UHVKQLNRY�� DQG� '�(�� .KHLVLQ�� :LQG� 'ULIW� RI
$QWDUFWLF�6HD�,FH��,Q�$�)��7UHVKQLNRY��(G���3UREOHPV�RI�WKH�$UFWLF�DQG�$QWDUFWLF��������������������

&DYDOLHUL�� '�-��� 3�� *ORHUVHQ�� &�/�� 3DUNLQVRQ�� -�&�� &RPLVR�� DG� +�-�� =ZDOO\�� 2EVHUYHG� +HPLVSKHULF
$V\PPHWU\�LQ�*OREDO�6HD�,FH�&KDQJHV��6FLHQFH�����������������������

'LFNVRQ�� 5�5��� -�� 0HLQFNH�� 6��$�� 0DOPEHUJ�� DQG� $�-�� /HH�� 7KH� �*UHDW� 6DOLQLW\� $QRPDO\��� LQ� WKH
1RUWKHUQ�$WODQWLF�������������3URJU��2FHDQRJUDSK\��������������������

'ULQNZDWHU��0�5���6DWHOOLWH�0LFURZDYH�5DGDU�2EVHUYDWLRQV�RI�&OLPDWH�5HODWHG�6HD�,FH�$QRPDOLHV��3URF�
:RUNVKRS�RQ�3RODU�3URFHVVHV�LQ�*OREDO�&OLPDWH��������1RY������������������$P��0HW��6RF��������

'ULQNZDWHU��0�5���6DWHOOLWH�0LFURZDYH�5DGDU�2EVHUYDWLRQV�RI�$QWDUFWLF�6HD�,FH��,Q�&��7VDWVRXOLV�DQG�5�
.ZRN��(GV����$QDO\VLV�RI�6$5�'DWD�RI�WKH�3RODU�2FHDQV��������������6SULQJHU�9HUODJ��%HUOLQ������D�

'ULQNZDWHU��0�5���$FWLYH�0LFURZDYH�5HPRWH�6HQVLQJ�2EVHUYDWLRQV�RI�:HGGHOO�6HD�,FH��,Q�0�2��-HIIULHV
�(G���$QWDUFWLF�6HD�,FH��3K\VLFDO�3URFHVVHV��,QWHUDFWLRQV�DQG�9DULDELOLW\��$QWDUFWLF�5HVHDUFK�6HULHV��
�������������$PHULFDQ�*HRSK\VLFDO�8QLRQ��:DVKLQJWRQ��'�&�������E�

'ULQNZDWHU�� 0�5��� DQG� ;�� /LX�� $FWLYH� DQG� 3DVVLYH� 0LFURZDYH� 'HWHUPLQDWLRQ� RI� WKH� &LUFXODWLRQ� DQG
&KDUDFWHULVWLFV�RI�:HGGHOO� DQG�5RVV�6HD� ,FH��3URF�� ,*$566� 
����+DPEXUJ��*HUPDQ\�� ��� -XQH� �� �
-XO\��������,(((�&DWDORJ�����&+�������9RO�������������������

'ULQNZDWHU�� 0�5��� ;�� /LX�� -�� 0DVODQLN�� DQG� &�� )RZOHU�� 2SWLPDO� $QDO\VLV� 3URGXFWV� &RPELQLQJ� %XR\
7UDMHFWRULHV� DQG� 6DWHOOLWH�'HULYHG� ,FH�'ULIW� )LHOGV�� ,QWHUQDWLRQDO� 3URJUDPPH� IRU� $QWDUFWLF� %XR\V�
,3$%�%LHQQLDO�0HHWLQJ�5HSRUW��0D\��������������1DSOHV��,WDO\��:&53�5HSRUW�1R����������S������
:RUOG�&OLPDWH�5HVHDUFK�3URJUDP��*HQHYD��6ZLW]HUODQG�������

(PHU\��:�-���&�:��)RZOHU�DQG�-�$��0DVODQLN�� �6DWHOOLWH�'HULYHG�0DSV�RI�$UFWLF�DQG�$QWDUFWLF�6HD�,FH
0RWLRQ�������������*HRSK\V��5HV��/HWW������������������������

)LO\��0���DQG�'�$��5RWKURFN��6HD�,FH�7UDFNLQJ�E\�1HVWHG�&RUUHODWLRQV��,(((�7UDQV��*HRVFL��DQG�5HPRWH
6HQV���*(����������������������

*DUUHDXG��5�'�� DQG�'�6��%DWWLVWL�� ,QWHUDQQXDO� �(162��DQG� ,QWHUGHFDGDO� �(162�OLNH��9DULDELOLW\� LQ� WKH
6RXWKHUQ�+HPLVSKHUH�7URSRVSKHULF�&LUFXODWLRQ���-��&OLPDWH������������������

*HLJHU��&�$���<��=KDR��$�.��/LX��DQG�6��+DNNLQHQ��/DUJH�6FDOH�&RPSDULVRQ�%HWZHHQ�%XR\V�DQG�660�,
'ULIW�DQG�'HIRUPDWLRQ�LQ�WKH�(XUDVLDQ�%DVLQ�'XULQJ�:LQWHU������������-��*HRSK\V��5HV���,Q�3UHVV�

*HLJHU�� &�$���:�'��+LEOHU� ,,,�� DQG� 6�)��$FNOH\��0RGHOHG� YV�� 2EVHUYHG�'ULIW� DQG�'HIRUPDWLRQ� LQ� WKH
:HVWHUQ�:HGGHOO�6HD�'XULQJ�������-��*HRSK\V��5HV��������&����������������������

*ORHUVHQ�� 3���:�-�� &DPSEHOO�� '�-�� &DYDOLHUL�� -�&�� &RPLVR�� &�� 3DUNLQVRQ�� DQG� +�-�� =ZDOO\��$UFWLF� DQG
$QWDUFWLF� 6HD� ,FH�� ����������� 6DWHOOLWH� 3DVVLYH�0LFURZDYH� 2EVHUYDWLRQV� DQG� $QDO\VLV�� 63�����
1$6$�:DVKLQJWRQ�'&�������



��

*URVIHOG��.���5��*HUGHV��&LUFXODWLRQ�LQ�WKH�)LOFKQHU�5RQQH�,FH�6KHOI�'RPDLQ��)LUVW�5HVXOWV�IURP�D��'�
2FHDQ�0RGHO�� ,Q� )LOFKQHU�5RQQH� ,FH� 6KHOI� 3URJUDPPH� �)5,63���5HSRUW�1R�� ���� �('���+��2HUWHU�
$OIUHG�:HJHQHU�,QVWLWXWH�IRU�3RODU�DQG�0DULQH�5HVHDUFK��%UHPHUKDYHQ��*HUPDQ\��������������

+DNNLQHQ��6�0���$�6LPXODWLRQ�RI�7KHUPRKDOLQH�(IIHFWV�RI�D�*UHDW�6DOLQLW\�$QRPDO\��-��&OLPDWH��������
����������������

+DUGHU��0���3��/HPNH�� DQG�0��+LOPHU��6LPXODWLRQ�RI�6HD� ,FH�7UDQVSRUW�7KURXJK�)UDP�6WUDLW��1DWXUDO
9DULDELOLW\�DQG�6HQVLWLYLW\�WR�)RUFLQJ��-��*HRSK\V��5HV��������&�������������������

-DFREV�� 6�6�� DQG� -�&�� &RPLVR�� � &OLPDWH� 9DULDELOLW\� LQ� WKH� $PXQGVHQ� DQG� %HOOLQJVKDXVHQ� 6HDV�� � -�
&OLPDWH�����������������������

-RKDQQHVVHQ��2�0���0�:��0LOHV��DQG�(��%MRUJR��7KH�$UFWLF
V�6KULQNLQJ�6HD�,FH��1DWXUH���������������
�����

.RWWPHLHU�� &��� DQG� /�� 6HOOPDQQ�� $WPRVSKHULF� DQG� 2FHDQLF� )RUFLQJ� RI� :HGGHOO� 6HD� ,FH� 0RWLRQ�� -�
*HRSK\V��5HV��������&���������������������

.ZRN�� 5�� DQG� '�� $�� 5RWKURFN�� 9DULDELOLW\� RI� )UDP� 6WUDLW� )OX[� DQG� 1RUWK� $WODQWLF� 2VFLOODWLRQ�� -�
*HRSK\V��5HV�������&��������������������

.ZRN��5���-�&��&XUODQGHU��5��0F&RQQHOO��DQG�6�6��3DQJ��$Q�,FH�0RWLRQ�7UDFNLQJ�6\VWHP�DW�WKH�$ODVND
6$5�)DFLOLW\��,(((�-��2FHDQLF�(QJ���2(��������������������

.ZRN��5���$�� 6FKZHLJHU��'�$��5RWKURFN� �� 6�� 3DQJ�� DQG�&��.RWWPHLHU�� � 6HD� ,FH�0RWLRQ� IURP�6DWHOOLWH
3DVVLYH�0LFURZDYH�,PDJHU\�$VVHVVHG�ZLWK�(56�6$5�DQG�%XR\�0RWLRQV���-��*HRSK\V��5HV��������&��
����������������

.ZRN�� 5��� '�� $�� 5RWKURFN�� +�� /�� 6WHUQ� DQG� *�� )�� &XQQLQJKDP�� 'HWHUPLQDWLRQ� RI� ,FH� $JH� XVLQJ
/DJUDQJLDQ�2EVHUYDWLRQV�RI�,FH�0RWLRQ��,(((�7UDQV��*HRVFL��5HPRWH�6HQV������������������������

.ZRN��5���*��&XQQLQJKDP��1��/D%HOOH�+DPHU��%��+ROW��DQG�'��$��5RWKURFN��,FH�7KLFNQHVV�IURP�+LJK�
5HVROXWLRQ�6DWHOOLWH�,PDJHU\��(26��7UDQVDFWLRQV�RI�WKH�$*8��,Q�3UHVV�

/L�� 6��� =�� &KHQJ�� DQG�:�)��:HHNV�� ([WUDFWLRQ� RI� ,QWHUPHGLDWH� 6FDOH� 6HD� ,FH�'HIRUPDWLRQ� 3DUDPHWHUV
IURP�6$5�,FH�0RWLRQ�3URGXFWV��,Q�&��7VDWVRXOLV�DQG�5��.ZRN��(GV����$QDO\VLV�RI�6$5�'DWD�RI� WKH
3RODU�2FHDQV������������6SULQJHU�9HUODJ��%HUOLQ������D�

/LX��$��� DQG�'�-��&DYDOLHUL��2Q�6HD� ,FH�'ULIW� IURP� WKH�:DYHOHW�$QDO\VLV�RI�'063�660�,�GDWD�� ,QW�� -�
5HPRWH�6HQV��������������������������

/LX��$���<��=KDR��DQG�6�<��:X��$UFWLF�6HD�,FH�'ULIW�IURP�:DYHOHW�$QDO\VLV�RI�16&$7�DQG�660�,�GDWD�
-��*HRSK\V��5HV�������&����������������������

/RQJ��'�*���DQG�0�5��'ULQNZDWHU��&U\RVSKHUH�$SSOLFDWLRQV�RI�16&$7�'DWD��,(((�7UDQV��*HRVFL��DQG
5HPRWH�6HQV���9RO������1R����������������������

0DQDEH��6���0�-��6SHOPDQ��5�-��6WRXIIHU��7UDQVLHQW�5HVSRQVHV�RI�D�&RXSOHG�2FHDQ�$WPRVSKHUH�0RGHO�WR
*UDGXDO�&KDQJHV�LQ�$WPRVSKHULF�&2���3DUW�,,��6HDVRQDO�5HVSRQVH��-��&OLPDWH�������������������

0DVODQLN��-�$���0��6HUUH]H��DQG�5�*��%DUU\��5HFHQW�'HFUHDVHV�LQ�$UFWLF�6XPPHU�,FH�&RYHU�DQG�/LQNDJHV
WR�$WPRVSKHULF�&LUFXODWLRQ�$QRPDOLHV��*HRSK\V��5HV��/HWW���������������������������

0DVODQLN�� -�$��� &�� )RZOHU�� -�� .H\�� 7�� 6FDPERV�� 7�� +XWFKLQVRQ�� DQG�:�� (PHU\�� $9+55�EDVHG� 3RODU
3DWKILQGHU�3URGXFWV�IRU�0RGHOLQJ�$SSOLFDWLRQV��$QQ��*ODFLRO���������������������

5XGEHUJ��$���7��9LQMH�� DQG�7�%��/R\QLQJ��7KH�)DWH�RI�)UDP�6WUDLW� ,FH�)OX[HV��$&6<6�$UFWLF�)RUHFDVW
1HZVOHWWHU�����,661�������������3RODU�(QYLURQPHQWDO�&HQWHU��7URPVR��1RUZD\�������

6WHUQ�� +�/��� '�$�� 5RWKURFN�� DQG� 5�� .ZRN�� 2SHQ� :DWHU� 3URGXFWLRQ� LQ� $UFWLF� 6HD� ,FH�� 6DWHOOLWH
0HDVXUHPHQWV�DQG�0RGHO�3DUDPHWHUL]DWLRQ��-��*HRSK\V��5HV�������&�����������������������

7KRUQGLNH��$�6��DQG�5��&RORQ\��/DUJH�VFDOH�,FH�0RWLRQ�LQ�WKH�%HDXIRUW�6HD�'XULQJ�$,'-(;��$SULO�����
��$SULO�������,Q�6HD�,FH�3URFHVVHV�DQG�0RGHOV���(G���5�6��3ULWFKDUG��8QLY��:DVKLQJWRQ�3UHVV������
���������D�

7KRUQGLNH��$�6��DQG�5��&RORQ\��$UFWLF�2FHDQ�%XR\�3URJUDP�����-DQXDU\������ �����'HFHPEHU�������
5HSRUW��3RODU�6FLHQFH�&HQWHU��8QLYHUVLW\�RI�:DVKLQJWRQ��6HDWWOH������E�

7KRUQGLNH��$�6��DQG�5��&RORQ\��6HD�,FH�0RWLRQ�LQ�5HVSRQVH�WR�*HRVWURSKLF�:LQGV��-��*HRSK\V��5HV������
&�������������������

9LQMH��7���DQG�2�)LQQHNDVD��7KH�,FH�7UDQVSRUW�7KURXJK�WKH�)UDP�6WUDLW��5HS�������1RU��3RODULQVW���2VOR�
1RUZD\����SS�������

9LQMH��7���1��1RUOXQG��DQG�$��.YDPEHNN��0RQLWRULQJ�,FH�7KLFNQHVV�LQ�)UDP�6WUDLW��-��*HRSK\V��5HV���,Q
3UHVV�


